Using ab-initio calculations we reveal the nature of the insulating phase recently found experimentally in monolayer 1T-NbSe2. We find soft phonon modes in a large parts of the Brillouin zone indicating the strong-coupling nature of a charge-density-wave instability. Structural relaxation of a √ 13 × √ 13 supercell reveals a Star-of-David reconstruction with an energy gain of 60 meV per primitive unit cell. The band structure of the distorted phase exhibits a half-filled flat band which is associated with orbitals that are delocalized over several atoms in each Star of David. By including many-body corrections through a combined GW, hybrid-functional, and DMFT treatment, we find the flat band to split into narrow Hubbard bands. The lowest energy excitation across the gap turns out to be between itinerant Se-p states and the upper Hubbard band, determining the system to be a charge-transfer insulator. Combined hybrid-functional and GW calculations show that long-range interactions shift the Se-p states to lower energies. Thus, a delicate interplay of local and long-range correlations determines the gap nature and its size in this distorted phase of the monolayer 1T-NbSe2.
I. INTRODUCTION
Two-dimensional (2D) materials often exhibit properties that are distinct from those of their bulk counterparts.
The electronic structure and phase diagrams can strongly depend on the thickness of the material, as evident from findings such as the Dirac cone in graphene, 1 a change from indirect to direct semiconductors, 2 increasing and decreasing critical temperatures of superconductivity, [3] [4] [5] or possibly layerdependent charge-density waves (CDWs). 6, 7 Due to the all-surface nature of 2D materials, the substrates that they are placed on during growth and in experiments can also have a strong influence on the electronic properties.
In layered materials, the interplay between strong electron-electron and electron-phonon interactions can lead to rich series of many-body instabilities including Mott-insulating, CDW, and superconducting phases. 1T-TaS 2 presents a classical example in this respect, [8] [9] [10] where a Mott-insulating state emerges within the commensurate √ 13 × √ 13 CDW in the bulk. Whether or not this CDW and Mott states are realized down to the monolayer thickness is currently a matter of debate. 7, 11, 12 TaS 2 is just one representative of the class of transition-metal dichalcogenides (TMDCs) M X 2 with a transition metal M and a chalcogen X. The TMDCs occur in two common polymorphs, namely the 1T and 2H structures that consist of octahedral and trigonalprismatic units, respectively. An isoelectronic partner of TaS 2 is NbSe 2 . While this material usually crystallizes in the 2H phase, Nakata et al. 13 recently succeeded in synthesizing a monolayer of 1T-NbSe 2 which was grown epitaxially on bilayer graphene. Their experiments suggested that unlike 2H-NbSe 2 , which is a metal and hosts a charge-density-wave phase with a 3×3 periodicity both in bulk and monolayer form, 14 1T-NbSe 2 realizes a CDW with √ 13× √ 13 periodicity and Star of David-like cluster formation (c.f. Fig.1 ). In this distorted phase, monolayer 1T-NbSe 2 turned out to be an insulator with a gap of around 0.4 eV, i.e., this material is phenomenologically similar to 1T-TaS 2 .
In this paper, we provide a first-principles-based account of the electronic structure of monolayer 1T-NbSe 2 , including electron-electron interaction effects and lattice distortions. We confirm that monolayer 1T-NbSe 2 can indeed realize an insulating phase once a Star of Davidlike CDW is formed. We show that a delicate interplay of local and long-range electronic interaction effects determines the size and nature of the insulating gap.
The paper is organized as follows. We start by discussing the electronic structure (Sec. III) and lattice dynamics (Sec. IV) of the undistorted 1T-NbSe 2 phase and investigate the influence of non-local exchange through GW and hybrid-functional calculations. Furthermore, in Sec. IV we calculate a relaxed structure of a √ 13 × √ 13 supercell, finding a Star-of-David reconstruction. We discuss the electronic structure of the distorted phase in Sec. V, where we introduce an ab-initio estimate of the local Coulomb interaction for the flat band and find an opening of a charge-transfer gap in dynamical mean-field theory (DMFT). 
II. METHODS
We investigate the electronic structure of monolayer 1T-NbSe 2 by means of density-functional theory (DFT) with semilocal and hybrid functionals as well as manybody perturbation theory employing the GW approximation. All technical details of these simulations are given in Appendix A. The lattice dynamics is studied using density-functional perturbation theory (DFPT) as detailed in Appendix B. The ab-initio estimation of electron-electron interaction is provided in Appendix C. Finally, the way we combine first-principles calculations with dynamical mean-field theory (DMFT) to study the effects of local correlations is discussed in Appendix D.
III. ELECTRONIC STRUCTURE OF THE UNDISTORTED PHASE
We start by discussing the structural and electronic properties of monolayer 1T-NbSe 2 in the undistorted phase. To this end, we consider a simple hexagonal unit cell containing one niobium and two selenium atoms. The structural relaxation using a PBE functional leads to a lattice constant of a = 3.49Å and a vertical distance of z = ±1.67Å of the selenium atoms from the transitionmetal (Nb) plane. Next, the electronic properties were calculated for the relaxed lattice parameters. In Fig. 2a , the band energies and the orbital characters are plotted along the Brillouin-zone path Γ-M-K-Γ connecting the high-symmetry points. As evident, DFT with PBE density functional, predicts 1T-NbSe 2 to be a metal with high density of states at the Fermi level. The bands in the range from 0 to 2 eV above the Fermi level have mostly Nb-d z 2 , -d xy and -d x 2 −y 2 character. Bands in the range from −1 to 0 eV below the Fermi level have Se-p orbital character. The Se-p bands are not well separated and hybridize strongly with Nb-d bands around the Γ point near the Fermi level, which distingiushes the electronic structure of 1T-NbSe 2 from 1T-TaS 2 , where the Se-p bands are well separated from the Fermi level. 12 The high DOS at the Fermi level in the monolayer 1T-NbSe 2 is an indication of possible electronic instabilities.
A. Effects of non-local exchange on Se-p bands.
The hybridization of the downward-dispersing Se-p bands with the Nb-d bands at the Γ point is strongly affected by non-local exchange effects. In Fig. 2b the band structures obtained from GW and HSE06 approximations for the undistorted structure are plotted along the path Γ-M. Unlike the PBE functional which leads to Se-p bands starting ∼ 55 meV above the Fermi level around the Γ point (see Fig. 2a ), the non-local exchange accounted for in the GW approximation shifts the Se-p bands ∼ 0.28 eV below the Fermi level such that they are separated from the Nb-d bands. The GW prediction of the position of downward-dispersing Se-p bands around the Γ point is in agreement with the ARPES results for the Star-of-David phase from Ref. 13 .
In order to be able to study the effect of (screened) nonlocal exchange also in the distorted phase, where GW calculations are numerically too demanding, we turn to hybrid-functional calculations and compare band structures of the undistorted phase obtained with different flavors of HSE06 to those from GW (Fig. 2b) . The traditional admixture of α = 0.25 exact Fock exchange reproduces the shape of the GW bands in most parts of the Γ-M path quite well, except for the maximimum of the Se-p bands right at Γ, where the top of the Se-p bands is already below the Fermi level by ∼ 22 meV. To obtain the same separation within the HSE06 approximation, a large admixing α = 0.45 of the exact Fock exchange is required. However, in the case of α = 0.45 the Se-p bands are much further below the Nb-d bands in most parts of the Γ-M path. Hence, the match between HSE06 and GW is best for the traditional value of α = 0.25, which we will also employ in the following.
IV. LATTICE DISTORTION
The 1T-NbSe 2 islands in the experiment were reported 13 to host a CDW with √ 13 × √ 13 periodicity To detect possible lattice instabilities from first principles, we calculate the phonon dispersion of the undistorted structure via DFPT, which is displayed in the inset of Fig. 3 . It features imaginary frequencies of in-plane acoustic modes in large parts of the reciprocal space, better seen from the color plot in the main panel of the figure, which indicate structural instability. The wave vectors belonging to a √ 13 × √ 13 CDW are located deep inside this instable region. By contrast, there is no indication of the 3×3 CDW found in many 2H polymorphs.
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To accout for the Star of David-like cluster formation, we consider a supercell (see Fig. 1 ) with √ 13 × √ 13 periodicity and perform structural relaxation within the GGA approximation for the density functional. As evident from Fig. 1 , with respect to the undistorted lattice, the optimized structure reveals an inward displacement of niobium atoms within the transition-metal plane towards the central atom of the Star-of-David configuration. The energy gain through a Star of David-like reconstruction is ∼ 60 meV per primitive unit cell.
To summarize, the soft phonon modes in a large part of the Brillouin zone indicate towards a strong-coupling nature of the charge-density wave instability, as opposed to a Fermi-surface-nesting scenario, and the emergence of commensurate CDW with Star-of-David reconstruction is associated with a sizeable energy gain when compared with the undistorted phase.
V. ELECTRONIC PROPERTIES OF THE DISTORTED PHASE
The theoretical description of the insulating behavior of the distorted phase of the monolayer 1T-NbSe 2 requires the inclusion of electronic correlations beyond DFT. Therefore, we now study the electronic properties of the Star of David-distorted phase at different levels of approximation. In Fig. 4a , the GGA band structure of the distorted lattice is plotted along the path Γ-M -K -Γ connecting the high-symmetry points in the Brillouin zone corresponding to the √ 13 × √ 13 supercell. At the Fermi level, there is a flat band with predominantly Nb-d z 2 character which hybridizes with Se-p bands around the Γ point. The partial charge density corresponding to the flat band is plotted in Fig. 4d from which it is evident that the flat band is associated with orbitals that are delocalized over several atoms in each Star of David. The maximum contribution arises from niobium atoms in the center and the inner ring of the Star of David. This observation will be used in the following subsection to obtain an ab-initio estimate of the effective Hubbard type interaction for the flat band.
Next, we study the effects of non-local exchange on the hybridization of the flat band with Se-p-like bands around the Γ point. As evident from Fig 4b, the hybridization is strongly suppressed with the inclusion of non-local exchange effects through the HSE06 functional (α = 0.25). The position of the band lying below the flat band is rather sensitive to the exact-exchange admixing parameter α. In the following subsection, when presenting DMFT calculations for the relevant Nb-d and Se-p orbitals, we will show that the position of the p bands indeed affects the size and nature of the insulating gap.
In Fig. 4c , we have unfolded 16,17 the distorted GGA band structure to the primitive Brillouin zone. There is a considerable reduction of spectral weight along the edge M − K and deep inside the Brillouin zone. In addition, we observe the opening of a CDW gap ∼ 0.4 eV above the Fermi level.
So far we have seen that, though acting in the right direction to explain experiments, neither the CDW order nor the non-local exchange makes the system insulating. We therefore improve our treatment of local many-body effects by means of DMFT. The goal of the next subsection is hence to see if this yields a correct description of the insulating nature of monolayer 1T-NbSe 2 in the distorted phase.
A. Possibility of Mott Physics
The following GGA+DMFT calculations allow us to quantify the relative importance of two competing effects involving the d z 2 -derived flat band close to E F . The first is the electron-electron correlation on the d z 2 -orbital. The second is the single-particle hybridization between this orbital and the rest of the system, in particular Se-p ones. On the one hand, it is well known that "d-only" DMFT calculations have a strong tendency to yield Mott-insulating phases close to integer fillings. On the other hand, when "ligand" orbitals are explicitly included in the basis set used for DMFT, this tendency is drastically reduced, due to important charge fluctuations between the d and the p manifolds. This is mitigated by introducing double-counting counter-terms and nonlocal interaction terms. We will investigate both effects and determine whether or not in the case of 1T-NbSe 2 the tendency towards a Mott-insulating solution remains strong, even in the presence of the d-p hybridization derived from first principle. Computational details are described in Appendix. D.
We start with the estimation of the Hubbard-type interaction for the flat band from first principles. As mentioned in the previous section, the character or the flat band is associated with orbitals delocalized over several atoms in each Star of David. Therefore, to obtain an estimate for the Hubbard-type interaction, we evaluate the screened Coulomb interaction for the undistorted phase and perform an average over the Star of David. The fact that atoms on the outer ring of the Star of David have a minor contribution to the partial charge density of the flat band (see Fig. 4d ) motivates us to perform the average once excluding and once including the outer ring. The scheme is described in detail in Appendix. C and leads to U ∼ 0.39 eV (0.30 eV) by excluding (including) the outer ring of the Star of David in the averaging procedure. This estimate provides a lower bound for the Hubbard-type interaction, due to the fact that we use the non-constrained random-phase approximation for the screened Coulomb interaction which also includes screening effects from the bands within the correlated subspace. In fact, we would need to perform constrained randomphase-approximation (cRPA) calculations to exclude any screening from the correlated subspace which would increase the effective U. To account for this effect, we use U = 0.4 eV in the following.
In the next step we obtain a GGA-based tight-binding model where we include the three bands closest to the Fermi energy. We use a projection onto the d z 2 orbitals to define a correlated subspace which is augmented with the Hubbard-type interaction of U = 0.4 eV. We discuss the outcome of this projection in terms of a comparison of the original GGA partial DOS and the DOS of the projection, both shown in Fig. 6a-b . In GGA, the states at the Fermi energy are dominantly of d z 2 character and the states ranging from −0.2 eV to −0.05 eV are a mixture of d and p states. This is reflected in the projected Hamiltonian, whose spectral weight is entirely distributed among three local orbitals only, the Nb-d z 2 and the two "ligand"-ones, made of a mixture of the other Nb-d and Se-p. This set of three orbitals constitutes therefore the basis for our GGA+DMFT calculations. The estimated value of U = 0.4 eV is applied in the following to the d z 2 orbital only. The other two orbitals are treated as uncorrelated but, being included in the low-energy Hamiltonian, they can exchange charge with the d z 2 -like one via hybridization processes.
Treating orbitals with different degree of correlation in DFT+DMFT requires the inclusion of a double-counting correction, which compensates the DFT contribution. We denote it by µ dc and use the fully-localized limit (FLL). 18 As discussed in Sec. III, long-range interactions shift the p bands to lower energies. Since we do not consider any long-range interactions in DMFT, we mimic this behavior by adjusting the position of the uncorrelated bands with respect to the correlated states by an additional energy shift ∆ p in the projected Hamiltonian.
We solve the DMFT equations self-consistently with a continuous-time quantum Monte Carlo impurity solver using the w2dynamics package.
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In Fig. 5 we show the self-energy on Matsubara frequencies for the d z 2 orbital, with a "pure" FLL double counting (∆ p = 0). We fit the numerical data with an analytic expression for a (non particle-hole symmetric) atomic self-energy,
The excellent agreement shows that the system is deep in the atomic limit. The analytic form of the self-energy makes it easily possible to calculate the DMFT spectral function on real frequencies, which we show in Fig. 6c bard band, separated approximately by the Coulomb interaction U . We find the system to be insulating with a gap between p-like and d z 2 -like states of ∼ 0.1 eV, i.e., we find a charge-transfer insulator.
To mimic the influence of the non-local exchange effects on the p-d splitting (c.f. Figs. 2b and 4b ) in the DMFT simulations we shift the uncorrelated bands by ∆ p = −0.15 eV and ∆ p = −0.24 eV which approximately corresponds to shifts observed in HSE06 (α = 0.25) and GW/HSE06 (α = 0.45) calculations respectively. From the resulting spectral functions presented in Fig. 7 , we observe that the gap grows with ∆ p . The case of ∆ p = −0.24 eV, which closely mimics the p-d shift from DFT to GW calculations found in Sec. III, together with a local Coulomb interaction of U = 0.4 eV, leads to a gap close to the experimentally-observed one of 0.4 eV in Ref. 13 . Slightly larger shifts ∆ p will push the system from a charge-transfer to a Mott insulator.
In our DFT+DMFT approach we have used a lowenergy model for DMFT derived after including the contribution of non-local exchange and the CDW symmetry breaking. This choice of the low energy model is a generalization of previous (successful) low-energy treatments of distorted 1T-TaS 2 21,22 but it is strictly speaking valid only under the assumption that a full DFT+DMFT treatment with the appropriate supercell, non-local corrections and extended basis set would give similar results.
Such a prohibitively large calculation goes beyond the purpose of the present work.
VI. CONCLUSION
We have investigated monolayer 1T-NbSe 2 by combined DFT, GW, DFPT, and DMFT simulations. With DFT (GGA) simulations, we have shown that there are unstable phonon modes in large parts of the Brillouin zone including those wave vectors corresponding to a √ 13 × √ 13 commensurate CDW and that formation of this particular CDW with Star of David-like distortion of the lattice is energetically stable with respect to the undistorted phase. A very flat band at the Fermi level in the CDW phase renders the system susceptible to a Mott instability in the presence of local Coulomb interaction. A first-principles estimate of the Hubbard-type interaction for the flat band is provided. Subsequent GGA+DMFT d-p calculations in the distorted phase yield a correlated insulator deep in the atomic limit. The size and nature of the insulating gap is determined by an interplay of local and long-range Coulomb interactions. For strongly screened non-local interactions, as assumed in GGA we arrive at a charge-transfer insulator, while inclusion of non-local interactions on a GW level rather suggests free-standing 1T-NbSe 2 to be at the verge between a Mott and a charge-transfer insulator. Importantly, substrates can be used to effectively tune nonlocal interactions in 2D materials and to possibly switch 1T-NbSe 2 between the clear charge-transfer insulator and a more Mott-Hubbard-type insulator.
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Appendix A: Density functional theory
We use density-functional theory (DFT) 25, 26 to study the electronic structure of monolayer 1T-NbSe 2 . The DFT calculations presented here are performed using the Vienna Ab-initio Simulation Package VASP 27,28 with the generalized gradient approximation of Perdew, Burke and Ernzerhof (PBE) 29, 30 for the exchange-correlation functional.
For the structure relaxation and selfconsistent electronic density and energy computation, we use an energy cutoff of 500 eV, and, a Γ-centered k-mesh of size 18 × 18 × 1. The density of states (DOS) on the other hand is evaluated using a denser k-mesh of size 24 × 24 × 1. The vacuum height (c) is chosen to be 20Å which is large enough to prevent interactions between periodic images.
For the monolayer, we also study the distorted phase with √ 13 × √ 13 periodic density modulation (Starof-David cluster) to account for the commensurate CDW phase observed in the STM images of 1T-NbSe 2 monolayers. 13 For DFT calculations pertaining to supercells that reproduce Star-of-David clusters, we choose a k-mesh of size 6 × 6 × 1. The supercell is shown in Fig. 1 The positions of the atoms within the unit cell for each structure are relaxed until the residual forces on them are reduced to the order of 0.01 eVÅ −1 . The optimized structure is further used for self-consistent electronic density and energy calculations.
Effects of non-local exchange To study the effects of non-local exchange we use the GW formalism where the quasi-particle energies -the Kohn-Sham (KS) energies -are renormalized by the self-energy which is evaluated as a product of the single-particle Green's function and the screened Coulomb interaction. 31 In particular, we use the G (0) W (0) approximation where the singleparticle Green's function G (0) is the non-interacting Green's function of the KS system. The screened interaction W is evaluated within the random-phase approximation (RPA) as
where v q is the bare Coulomb interaction and Π(q, ω) is the polarizability within the RPA. |km and ε m (k) are the eigenvectors and eigenvalues of the KS Hamiltonian, respectively. Fully-converged GW calculations for large supercells that account for the Star-of-David clusters have enormous computational requirements of both CPU time and memory. For the supercell, we therefore use hybrid functionals that admix a certain amount of Fock exchange E HF x to the semi-local (GGA) density functional. In particular, we use the range-separated hybrid functional HSE06. 32 The amount of admixing is controlled by a free parameter α that needs to be chosen a priori.
The calculations for GW and HSE06 were also performed using the Vienna Ab-initio Simulation Package (VASP). 33, 34 all possible displacements of the atoms which we calculate within the adiabatic, 35 harmonic 36 and generalized gradient approximation 29 using density-functional perturbation theory 37 (DFPT). Here, in terms of the electron density n(r), the interatomic force constants are given by
where E is the electrostatic energy of the configuration of nuclei, which imposes the external potential V (r) on the individual electrons, and u αi R is the displacement in the i-th direction of the α-th atom in the unit cell at R. The terms in brackets account for linear and quadratic electron-phonon coupling.
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The dispersion ω ν q of the ν-th phonon mode now follows from the eigenvalue equation for the dynamical matrix,
where M α is a nuclear mass. Upon softening of the interatomic "springs" the phonon frequencies are reduced. A prevalence of negative force constants may even lead to freezing phonon modes, i.e., permanent lattice distortions, and imaginary frequencies. Such unphysical results are usually found near wave vectors q belonging to charge-density waves neglected in the calculation. We use Quantum ESPRESSO's The relevant low energy subspace C consists of three bands around the Fermi level (see Fig.2a ) with predominantly Nb-{d z 2 , d x 2 −y 2 , d xy } character, and is constructed in the Wannier basis using the Wannier90 44 package. The screened Coulomb interaction W (q, ω) in Eq. (A1) is evaluated in the Wannier basis, using the RPA implementation of VASP.
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From the ab-initio calculation of RPA-screened Coulomb interaction for the undistorted phase, the local Hubbard-type interaction for the flat band in the Starof-David phase is estimated according to the following scheme:
• We start from the static RPA-screened Coulomb matrix elements W αβγδ (q, ω → 0) for undistorted 1T-NbSe 2 , where q is a wave number on a 18 × 18 Monkhorst-Pack mesh and α, β, γ, δ ∈ C.
• The eigenbasis {|e i (q) } of the bare Coulomb interaction matrix v q containing only dominating density-density terms v q αβ = v αα,ββ is used to diagonalize the corresponding screened Coulomb interaction matrix as λ (i) q = e i (q)|W (q)|e i (q) .
(C1)
• We consider only the leading eigenvalue,
since it describes the dominating contribution to the effective interaction whenever several unit cells (as in the case of the CDW here) are involved.
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• Next, we perform a discrete Fourier transform,
where R points to the unit cells in a N = 18 × 18 supercell.
• Our estimate for the local Hubbard U in the Star of David, which is formed on a √ 13× √ 13 supercell, is the average of all (local and non-local) interactions within the atoms forming the Star of David
where N can be 7 or 13 depending on whether the outer ring of the star is excluded or not (R and R are, however, lattice vectors of the undistorted lattice).
Appendix D: Dynamical Mean-Field Theory
In order to treat correlation effects stemming from local Coulomb interactions adequately, we use the LDA++ approach, 47, 48 i.e., we augment a DFT-based tightbinding model with local Coulomb interactions and solve the resulting generalized Hubbard model in dynamical mean-field theory 49 (DMFT). We solve the impurity problem using the continuous-time quantum Monte-Carlo algorithm (CTQMC) in the hybridization expansion 50, 51 . The worm algorithm 52-54 is used for the global updates in the CTQMC and five millions measurement sweeps are performed. We estimate the local Coulomb interaction U as outlined in the prior Sec. C. Starting from the ab-initio solution, we perform a unitary transformation from the delocalized Kohn-Sham states to localized states, which we obtain by orthonormalizing optimized projector states available in the PAW framework implemented in VASP. 55 Note however, that by choice of the three-band subspace here, the "localized" effective orbitals resulting from this projection are indeed spread over several atoms in each Star of David in the CDW supercell.
